1. Introduction {#sec1-antioxidants-08-00362}
===============

Reactive oxygen species (ROS) are produced in the human body, and excessive ROS could cause oxidative stress in organisms and promote the development of some chronic diseases \[[@B1-antioxidants-08-00362],[@B2-antioxidants-08-00362]\]. The natural antioxidants from plants play an important role in human health. They have been demonstrated to have free radical scavenging activity and protect against oxidative stress \[[@B3-antioxidants-08-00362]\]. Polyphenols are one of the main natural antioxidants, and have shown many bioactivities and beneficial health effects, such as antioxidant, anti-inflammatory, anticancer, anti-ageing, anti-diabetic, anti-obese, cardioprotective and neuroprotective activities \[[@B4-antioxidants-08-00362],[@B5-antioxidants-08-00362],[@B6-antioxidants-08-00362],[@B7-antioxidants-08-00362],[@B8-antioxidants-08-00362],[@B9-antioxidants-08-00362],[@B10-antioxidants-08-00362]\]. Other bioactive compounds (such as carotenoids, polysaccharides, alkaloids, and saponins) could also contribute to human health benefits \[[@B7-antioxidants-08-00362],[@B11-antioxidants-08-00362]\]. The natural antioxidants could be used for the prevention and management of several diseases, but it has caused some argument. For example, an in vitro antioxidant could exhibit pro-oxidant property in vivo under certain conditions, such as vitamin C \[[@B12-antioxidants-08-00362]\]. In addition, the antioxidant is usually considered to inhibit the onset of cancers \[[@B10-antioxidants-08-00362]\]. However, it is also reported that the antioxidant could accelerate lung cancer progression, and increase melanoma metastasis in mice \[[@B13-antioxidants-08-00362],[@B14-antioxidants-08-00362]\]. On the other hand, one of the most important uses of natural antioxidants is as the food additives in the food industry \[[@B15-antioxidants-08-00362]\]. The antioxidants have been defined by several different terms in the literature \[[@B16-antioxidants-08-00362]\]. For example, when a substance presents at a low concentration compared with that of an oxidizable substrate, it could significantly delay or inhibit the oxidation of that substrate \[[@B17-antioxidants-08-00362]\]. Many methods have been developed for evaluating the antioxidant property, such as Trolox equivalent antioxidant capacity (TEAC), 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging, ferric reducing antioxidant power (FRAP), and cellular antioxidant activity assays, and their advantages and disadvantages have been widely reviewed in the literature \[[@B18-antioxidants-08-00362],[@B19-antioxidants-08-00362],[@B20-antioxidants-08-00362],[@B21-antioxidants-08-00362]\].

Green tea (*Camellia sinensis* L.) is a popular beverage around the world \[[@B22-antioxidants-08-00362],[@B23-antioxidants-08-00362]\]. It has been demonstrated that the consumption of green tea is inversely associated with the risk of several chronic diseases, such as cancer, diabetes mellitus, and cardiovascular diseases, and the natural antioxidants are considered as the main contributor to these effects \[[@B24-antioxidants-08-00362],[@B25-antioxidants-08-00362],[@B26-antioxidants-08-00362],[@B27-antioxidants-08-00362]\]. There have been numerous studies on the antioxidant property of green tea in vitro and in vivo. The consumption of green tea was found to reduce the nicotine-induced toxicity by downregulating the antioxidant- and inflammation-related genes \[[@B28-antioxidants-08-00362]\]. Besides, the supplement of green tea catechin could decrease the plasma oxidized low-density lipoprotein (LDL) concentration, which probably increased the antioxidant capability of blood and protected the LDL cholesterol from oxidation \[[@B29-antioxidants-08-00362]\]. Green tea contains various bioactive compounds such as alkaloids, polyphenols, polysaccharides, and L-theanine \[[@B30-antioxidants-08-00362],[@B31-antioxidants-08-00362],[@B32-antioxidants-08-00362]\]. The main alkaloids in green tea are the caffeine, theobromine, and theophylline \[[@B33-antioxidants-08-00362]\]. The polyphenols in green tea mainly include the catechins, theaflavin, thearubigins, quercetin, and kaempferol mono-, di-, and triglycosides, and some phenolic acids like gallic, coumaric, and caffeic acids \[[@B34-antioxidants-08-00362]\]. The catechins are mainly composed of (-)-epicatechin (EC), (-)-epigallocatechin (EGC), (-)-epicatechin gallate (ECG), and (-)-epigallocatechin gallate (EGCG) \[[@B35-antioxidants-08-00362]\]. However, the potential hepatotoxicity induced by the intake of green tea extract has raised a wide concern, and EGCG has been considered as the main contributor of the hepatotoxicity \[[@B36-antioxidants-08-00362],[@B37-antioxidants-08-00362],[@B38-antioxidants-08-00362],[@B39-antioxidants-08-00362]\]. Thus, the reduction of EGCG in green tea extract, in some cases, could be benefical for the health of human beings \[[@B40-antioxidants-08-00362]\].

Enzymes have been widely used in the food industry to improve the rate of reaction or obtain the enzymatic hydrolysate \[[@B41-antioxidants-08-00362]\]. Tannase (tannin acyl hydrolase EC 3.1.1.20) could hydrolyze the ester and depside bonds in gallic acid tannins or hydrolyzable tannins. The treatment of tannase could reduce the contents of several compounds (like EGCG and ECG) in green tea extract by breaking the ester bonds \[[@B42-antioxidants-08-00362]\]. This leads to a release of gallic acid, which is demonstrated to have high antioxidant activity with health benefits \[[@B43-antioxidants-08-00362]\]. The increase in the content of gallic acid could greatly improve the antioxidant capacities of the extracts. On the other hand, an ultrasound could accelerate enzymatic reaction \[[@B44-antioxidants-08-00362]\]. Therefore, the combined treatment of ultrasound and enzyme is indicated to improve the enzymatic reaction with substrates \[[@B45-antioxidants-08-00362]\]. There are many factors affecting the enzymatic reaction, such as the pH value of buffer solution, the concentration of enzyme, temperature, ultrasonic time, and power \[[@B46-antioxidants-08-00362]\]. Response surface methodology (RSM) has been used as an effective technique to obtain the optimal process. The main advantage of RSM is that it can reduce the number of experimental trials and require less time than other methods in optimizing a complex process, and the interactive effects and relationships between multiple variables can be analyzed \[[@B47-antioxidants-08-00362],[@B48-antioxidants-08-00362]\].

In a previous study, we have found that the green tea Dianqing possessed the strongest antioxidant activity among 30 Chinese teas \[[@B49-antioxidants-08-00362]\]. The aim of this study was to investigate the effects of several experimental parameters, including the pH value of buffer solution, concentration of tannase, ultrasonic temperature, and ultrasonic time, on the antioxidant activity of green tea extracts, and to optimize the process of tannase and ultrasound treatment by using the single-factor tests and RSM. In addition, this study also compared the efficiency of tannase and ultrasound treatment on improving antioxidant activity of green tea extract. Generally, this study provides a strategy to reduce the content of EGCG in green tea extract, which should have better health benefits, but less hepatotoxicity.

2. Materials and Methods {#sec2-antioxidants-08-00362}
========================

2.1. Chemicals and Reagents {#sec2dot1-antioxidants-08-00362}
---------------------------

Tannase (200 U/g) was purchased from Yuanye Biological Technology Co. Ltd., Shanghai, China. The standard chemicals, including gallic acid, gallocatechin (GC), EGC, catechin, chlorogenic acid, caffeine, EGCG, EC, gallocatechin gallate (GCG), ECG, catechin gallate, ellagic acid, myricetin, quercitrin, and astragalin were purchased from Derick Biotechnology Co. Ltd., Chengdu, China. Formic acid and methanol were of chromatographic grade and obtained from Kermel Chemical Factory, Tianjin, China. The 2,20-azino-bis(3-ethylbenothiazoline-6-sulphonic acid) diammonium salt (ABTS), 6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid (Trolox), 2,2-diphenyl-1-picrylhydrazyl (DPPH), and 2,4,6-tri(2-pyridyl)-s-triazine (TPTZ) were purchased from Sigma-Aldrich, Saint Louis, MO, USA. All the other chemicals or reagents were of analytical grade. The deionized water was used for all experiments.

2.2. Preparation of Green Tea Extract {#sec2dot2-antioxidants-08-00362}
-------------------------------------

Dianqing tea was purchased in the local market of Guangzhou, China, which showed the strongest antioxidant activity among 30 Chinese teas in a previous study \[[@B49-antioxidants-08-00362]\]. It is a type of green tea produced in Kunming, China. Three different batches of Dianqing tea were bought from different markets, and the mixed tea samples were used for the experiments. The green tea was ground into powders by using a grinder (Royalstar Co. Ltd., Hefei, China), and then the powders were filtered through a 100 meshes sieve. The filtered powders were sealed in plastic bags and stored under 4 °C.

The green tea powders were mixed with 85 °C distilled water (50 g/L, *w*/*v*), and then the mixture was placed in a 85 °C water bath, which was kept at 85 °C for 30 min according to the literature \[[@B50-antioxidants-08-00362],[@B51-antioxidants-08-00362]\]. With this tea/water ratio, the tea extract was reported to show stronger antioxidant activity and more abundant phenolic compounds \[[@B51-antioxidants-08-00362]\]. The mixture was centrifugated at 4200× *g* for 30 min, and the extract was collected and stored at 4 °C for further experiments.

2.3. Treatment of Tannase and Ultrasound {#sec2dot3-antioxidants-08-00362}
----------------------------------------

Tannase was diluted to different concentrations with 0.1 M citrate--phosphate buffer. The tannase solution was added to the green tea extract. The combined treatment of ultrasound and tannase (UST) was carried out by using an ultrasonic device (Kejin Ultrasonic Equipment Factory, China). The reactions were performed at consistent ultrasonic power of 360 W and other different process parameters in the single-factor tests, including the pH value of citrate--phosphate buffer (3.0, 4.0, 5.0, 6.0, 7.0), tannase concentration (0.0, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0 mg/mL), ultrasonic temperature (25, 35, 45, 55, 65, 75, 85 °C), and ultrasonic time (0, 5, 10, 15, 20, 25, 30, 35 min). After the completion of ultrasonic treatment, the reaction mixture was heated at 100 °C for 10 min to inactivate tannase. The mixture was cooled to room temperature and centrifugated at 4200× *g* for 10 min. The obtained supernatant was stored at −20 °C and further used for the determination of antioxidant activity and HPLC assay. Based on the results of single-factor tests, the pH value of citrate--phosphate buffer, ultrasonic temperature, and time were further optimized by RSM to study their interaction.

For comparison, the ultrasonic treatment (US) was conducted by adding 0.1 M citrate--phosphate buffer (the optimized pH value) without tannase. The tannase treatment (TAN) was carried out by placing the mixture in the water bath without ultrasound. The green tea extract (GTE) was obtained by dilution of the original extract of green tea with the same buffer solution. The other parameters (such as the pH value, ultrasonic temperature, and time) were the same as those of UST.

2.4. Design by Response Surface Methodology {#sec2dot4-antioxidants-08-00362}
-------------------------------------------

RSM was used to investigate the impacts of independent variables on the antioxidant capacities (TEAC) of the extracts. Three crucial factors which could significantly affect the antioxidant capacities of the extracts were selected based on the results of single factor tests of UST. Those factors were further used to perform three-variable and five-level central composite design (CCD) via Design Expert v8.0.6 software. Three variables (X~1~, the pH value of citrate--phosphate buffer; X~2~, ultrasonic temperature; X~3~, ultrasonic time) were chosen to be optimized, while other parameters (the concentration of tannase of 1 mg/mL; ultrasonic power of 360 W) were kept constant.

There was a total of 20 runs of experiments, including 8 combinations of factorial points, 6 combinations of axial points, and 6 replicates of center points. The response values were TEAC values. Data from CCD were analyazed by multiple regressions to fit into the response surface quadratic model, as follows: where Y was the value of response, X~i~ and X~j~ were different independent variables, β~0~ were the intercept, β~i~, β~ii~, and β~ij~ were the linear, quadratic, and interaction coefficients, respectively.

The analysis of variance (ANOVA) was conducted to analyze the adequacy of the fitted model, of which the significant level was *p* \< 0.05. The individual and interactive effects of variables on the response value were visualized on the 3D surface plots. The actual value of the experiment under the optimal conditions was compared with the predicted value, verifying the accuracy of the model.

2.5. Determination of Antioxidant Activity {#sec2dot5-antioxidants-08-00362}
------------------------------------------

The antioxidant property could be referred to the radicals scavenging capacity, reducing capacity, metal chelating capacity, activity as antioxidative enzyme, and the inhibiting capacity against oxidative enzymes, and many methods have been reported for the evaluation of antioxidant activities \[[@B18-antioxidants-08-00362],[@B19-antioxidants-08-00362],[@B20-antioxidants-08-00362],[@B21-antioxidants-08-00362]\]. In this study, TEAC, DPPH, and FRAP assays were chosen, because the TEAC and DPPH assays are to determine the radical scavenging capacity, while the FRAP assay is to test the reducing capacity, and they could assess the antioxidant capacities of the extract from different aspects \[[@B18-antioxidants-08-00362]\]. Furthermore, these methods have been widely used because they are easy to implement and the obtained results are reproducible \[[@B52-antioxidants-08-00362]\].

### 2.5.1. Trolox Equivalent Antioxidant Capacity (TEAC) Assay {#sec2dot5dot1-antioxidants-08-00362}

The antioxidant activities of the extracts were determined by the TEAC assay based on the procedure in the literature \[[@B53-antioxidants-08-00362]\]. The ABTS^·+^ stock solution was prepared by mixing 7 mmol/L ABTS and 2.45 mmol/L K~2~S~2~O~8~ at the volume ratio of 1:1, and was incubated in a dark place for 16 h at room temperature. The ABTS^·+^ stock solution was diluted to an absorbance of 0.70 ± 0.05 at 734 nm. A 100 μL of diluted extract was mixed with 3.8 mL of ABTS^·+^ working solution, and then the mixture was incubated in a dark place for 6 min at room temperature. The absorbance of the reaction mixture was tested at 734 nm, and the percent of inhibition of absorbance was calculated. Trolox was used as the standard to make the calibration curve. The values of TEAC were presented as μmol Trolox/g dry weight (DW) of green tea.

### 2.5.2. 2,2-Diphenyl-1-picrylhydrazyl (DPPH) Radical Scavenging Assay {#sec2dot5dot2-antioxidants-08-00362}

The assay was used to determine the DPPH radical scavenging ability of extracts based on the procedure in the literature, with minor modifications \[[@B51-antioxidants-08-00362]\]. A 300 μL of diluted extract was mixed with 3 mL of DPPH solution (2 × 10^-4^ M). The reaction mixture was incubated in a dark place for 30 min at room temperature. The control contained the distilled water instead of extracts. The absorbance was determined at 517 nm by using a spectrophotometer. All measurements were carried out in triplicate. The DPPH radical scavenging activity of the extract was caculated as: (1 − As/Ac) × 100%, where As is the absorbance of tested samples and Ac is the absorbance of the control.

### 2.5.3. Ferric Reducing Antioxidant Power (FRAP) Assay {#sec2dot5dot3-antioxidants-08-00362}

The reducing activities of extracts were analyzed according to the literature \[[@B49-antioxidants-08-00362]\]. The FRAP reaction solution was prepared by mixing 0.3 M acetate buffer (pH 3.6), 0.01 M TPTZ solution, and 0.02 M FeCl~3~ solution at a volume ratio of 10:1:1. A 100 μL of diluted extract was mixed with 3.0 mL FRAP reagent, and the mixture was incubated at room temperature for 4 min. The absorbance was measured at 593 nm. The standard curve was made by using FeSO~4~, and the FRAP values were expressed as μmol Fe^2+^/g DW of green tea.

2.6. Phytochemical Analysis of the Extracts by HPLC {#sec2dot6-antioxidants-08-00362}
---------------------------------------------------

The contents of phytochemicals in the extracts were measured by HPLC system, according to the previous method \[[@B54-antioxidants-08-00362]\]. The HPLC system was equipped with an Agilent Zorbax Extend C18 column (250 × 4.6 mm, 5 μm) and a 2996 photodiode array detector (PDAD) (Waters, Milford, MA, USA). The mobile phase consisted of methanol (solution A) and 0.1% formic acid solution (solution B). The 20 μL sample solution was injected for HPLC analysis. The separation process was conducted with a flow rate at 1.0 mL/min and 35 °C, with the gradient elution procedure as follows: 0 min, 5% (A); 10 min, 20% (A); 15 min, 22% (A); 20 min, 25% (A); 40 min, 40% (A); 50 min, 42% (A); 60 min, 50% (A); 70 min, 95% (A); 70.10 min, 5% (A); 75 min, 5% (A). The phenolic compounds were identified by retention time and UV-vis spectrum compared with those of the standards. The quantification of phenolic compounds was determined by comparing the peak area of the UV response at the maximal absorption wavelength with that observed by mean of pure standards (standard curve method), and was represented as mg/g DW.

2.7. Statistical Analysis {#sec2dot7-antioxidants-08-00362}
-------------------------

All the experiments were conducted in three independent tests, and data were presented as mean ± standard deviation (SD). The statistical analysis was performed with SPSS 19.0 (IBM SPSS Statistics, IBM Corp, Somers, NY, USA). One-way ANOVA and post hoc least-significant difference (LSD) test were used to determine the significance of differences for each group, with statistical significance at *p* \< 0.05.

3. Results and Discussions {#sec3-antioxidants-08-00362}
==========================

3.1. Results of the Single-Factor Test {#sec3dot1-antioxidants-08-00362}
--------------------------------------

### 3.1.1. Effects of the pH Value of Buffer Solution on Antioxidant Capacities {#sec3dot1dot1-antioxidants-08-00362}

The effects of buffer solution pH value on antioxidant capacity of the extracts were investigated in 0.1 M citrate--phosphate buffer. Other parameters were set as the tannase concentration of 1 mg/mL, ultrasonic temperature of 35 °C, and ultrasonic time of 30 min. [Figure 1](#antioxidants-08-00362-f001){ref-type="fig"}A showed that the TEAC value increased at pH value of 3.0 to 5.0, and decreased at pH value of 5.0 to 7.0. It showed that tannase had an optimal pH value of 5.0, and the result is similar to a study reported by Costa et.al, which illustrated that the free tannase was active and stable at pH 5.0 \[[@B55-antioxidants-08-00362]\]. The pH value of buffer solution is one of the most important parameters affecting enzymatic activity. It was mainly related to the protonation and deprotonation of amino acids at the active site, and the alternation in conformation induced by the ionization from other amino acids \[[@B56-antioxidants-08-00362]\]. Thus, using the buffer at an appropriate pH value could greatly enhance the activity of enzymes. Tannase was mainly produced by fungus, and the fungal tannase was generally acidic protein. The activity of tannase increased at the acidic solution and began to decrease when the solution became alkaline \[[@B57-antioxidants-08-00362]\]. There were also other studies resulting in the pH value around 5.0 as the optimum for tannase activity \[[@B58-antioxidants-08-00362]\]. Thus, the pH value of 5.0 was chosen for the following experiments.

### 3.1.2. Effects of Tannase Concentration on Antioxidant Capacities {#sec3dot1dot2-antioxidants-08-00362}

The tannase concentrations ranged from 0.0 to 2.5 mg/mL, which were evaluated as its influence on the antioxidant capacities of the extracts, while other conditions were controlled as 0.1 M citrate--phosphate buffer (pH 5.0), ultrasonic temperature of 35 °C, and ultrasonic time of 30 min. In addition, 50 g/L of the tea/water ratio was utilized, because the tea extract was reported to show stronger antioxidant activity and more abundant phenolic compounds with this ratio \[[@B51-antioxidants-08-00362]\]. The results in [Figure 1](#antioxidants-08-00362-f001){ref-type="fig"}B revealed that the antioxidant capacities initially increased in the range of 0.0--1.0 mg/mL. As the concentration of tannase was subsequently increased, there was no significant change in TEAC values. When the concentration of substrate was constant and the amount of enzyme was small, substrate was not saturated by the enzyme \[[@B59-antioxidants-08-00362]\]. With more enzyme added to substrate, there was a greater enzymatic reaction. However, the substrate would be saturated by a certain amount of enzyme, and the effect of enzyme was no longer significant on the substrate. The adding of tannase enhanced the biotransformation of tea polyphenols, and more antioxidant compounds were produced from green tea extracts. Taking the cost and effectiveness into consideration, 1 mg/mL was selected as the concentration of tannase in following experiments, because TEAC values had little difference when tannase concentration was beyond 1 mg/mL.

### 3.1.3. Effects of Ultrasonic Temperature on Antioxidant Capacities {#sec3dot1dot3-antioxidants-08-00362}

To investigate the effect of temperature in ultrasound treatment on the antioxidant capacities, the temperature was varied from 25 to 85 °C, and other parameters were set as 0.1 M citrate--phosphate buffer (pH 5.0), tannase concentration of 1 mg/mL, and ultrasonic time of 30 min. As shown in [Figure 1](#antioxidants-08-00362-f001){ref-type="fig"}C, the TEAC value increased under the ultrasonic temperature from 25 to 45 °C. The antioxidant values at the temperature of 45 and 55 °C made no significant difference. With a further increase in temperature from 55 to 85 °C, there was a downward trend in the antioxidant capacity because the high temperature could decrease the activity of enzyme \[[@B60-antioxidants-08-00362]\]. Thus, 45 °C was selected in subsequent experiments.

### 3.1.4. Effects of Ultrasonic Time on Antioxidant Capacities {#sec3dot1dot4-antioxidants-08-00362}

The antioxidant capacity of the extracts varied greatly depending on the time in ultrasound treatment. The sample was treated under different ultrasonic time, and other procedures were 0.1 M citrate--phosphate buffer (pH 5.0), tannase concentration of 1 mg/mL, and ultrasonic temperature of 45 °C. As shown in [Figure 1](#antioxidants-08-00362-f001){ref-type="fig"}D, the antioxidant capacities increased significantly from 0 to 10 min, and it reached the peak at 10 min. The prolongation of ultrasonic time allowed enzymes to react with substrate completely, which led to an increase in the antioxidant capacities. However, after the ultrasonic time was longer than 10 min, the antioxidant capacities began to decline. Due to the too-long ultrasonic time, the activity of enzyme could decrease, and antioxidants could be degraded. Therefore, the time of 10 min was selected in the treatment.

3.2. Results by Response Surface Methodology {#sec3dot2-antioxidants-08-00362}
--------------------------------------------

### 3.2.1. Statistical Analysis and Model Fitting {#sec3dot2dot1-antioxidants-08-00362}

Based on the results of single-factor tests, three individual factors (the pH value of buffer solution, ultrasonic temperature and ultrasonic time) were further optimized via CCD. The actual and coded levels of three individual variables and corresponding response values are listed in [Table 1](#antioxidants-08-00362-t001){ref-type="table"}. A mathematical model was developed to evaluate the relationship between variables, in which the TEAC values were presented as a function of independent variables in selected ranges. where X~1~, X~2~, and X~3~ are the pH value of buffer solution, ultrasonic temperature, and ultrasonic time, respectively. Y represents the TEAC values.

The ANOVA of the response surface quadratic model is shown in [Table 2](#antioxidants-08-00362-t002){ref-type="table"}. The p-value was used to evaluate the statistical significance of the regression model. In general, the model can be considered as significant if the p-value is smaller than 0.05. As shown in [Table 2](#antioxidants-08-00362-t002){ref-type="table"}, the regression model was indicated to be significant (*p* \< 0.05). In addition, the linear coefficients (X~1~, X~3~) and quadratic coefficients (X~1~^2^, X~2~^2^, X~3~^2^) had statistical significance (*p* \< 0.05). Furthermore, the lack-of-fit testing was non-significant (*p* = 0.1508), which further verified that the model was suitable in predicting the response.

After the response surface regression, the determination coefficient value (*R^2^*) of the predicted model was 0.9450, which suggested a good fit of the model. Also, 94.50% of the variation could be reflected by the predicted model. The adjusted *R^2^* was 0.8954 which was closed to *R^2^*, suggesting that the actual responses were highly correlated with the predicted responses. Moreover, the coefficient of variation (CV) represented the reproducibility of a model. The CV was 1.61%, which was smaller than 10%, indicating that the model was reproducible.

### 3.2.2. Response Surface Plots and Graphical Analysis {#sec3dot2dot2-antioxidants-08-00362}

The interrelation of independent variables and response values were visually displayed via the 3D response plots in [Figure 2](#antioxidants-08-00362-f002){ref-type="fig"}. As is shown in [Figure 2](#antioxidants-08-00362-f002){ref-type="fig"}A, the TEAC values were performed as a function of pH value and ultrasonic temperature with a fixed ultrasonic time. When ultrasonic time was kept at 10 min, the TEAC values increased slowly with the increase of pH value from 4.00 to 5.00, then dropped from 5.00 to 6.00. In addition, the TEAC values increased with the increase of ultrasonic temperature from 35 °C to 45 °C, then decreased slightly from 45 °C to 55 °C. [Figure 2](#antioxidants-08-00362-f002){ref-type="fig"}B presents the interactions between the pH value and ultrasonic time on the TEAC values at 45 °C. The effects of the pH value on the TEAC value were similar to that shown in [Figure 2](#antioxidants-08-00362-f002){ref-type="fig"}A. The increase in the ultrasonic time slightly elevated the TEAC values from 5.00 to 15.00 min. Moreover, [Figure 2](#antioxidants-08-00362-f002){ref-type="fig"}C displays that under the condition of fixed pH value, the antioxidant capacities markedly improved as the ultrasonic temperature and time increased. The effect of ultrasonic time was more potent than that of ultrasonic temperature. According to the results of ANOVA and response surfaces plots, the pH value and ultrasonic time had stronger effects on antioxidant capacities than that of ultrasonic temperature.

### 3.2.3. Optimal Treatment Conditions {#sec3dot2dot3-antioxidants-08-00362}

Based on the single-factor tests and RSM study, the optimal condition for tannase and ultrasound treatment of the extracts was 0.1 M citrate--phosphate buffer with a pH value of 4.62, ultrasonic temperature of 44.11 °C, ultrasonic time of 12.17 min, tannase concentration of 1 mg/mL, and ultrasonic power of 360 W. The determination of antioxidant capacities was conducted three times under the optimal conditions, and TEAC value was 2028.66 ± 4.59 μmol Trolox/g DW, which was close to the predicted values of 2053.73 μmol Trolox/g DW.

3.3. Comparison of Different Treatments {#sec3dot3-antioxidants-08-00362}
---------------------------------------

The effects of different treatments were compared on the antioxidant capacities of the extracts ([Figure 3](#antioxidants-08-00362-f003){ref-type="fig"}A). The results showed that US had higher antioxidant capacities than that of GTE, and TAN exhibited a significant increase in antioxidant capacities compared with GTE. Furthermore, UST showed higher antioxidant capacities than that of TAN. That is, the tannase could induce biotransformation in polyphenols and produced a large number of antioxidant compounds like gallic acids, and ultrasound could improve the efficiency of an enzymatic reaction. In addition, the results obtained by the DPPH and FRAP assays showed the similar trends as that by TEAC assay ([Figure 3](#antioxidants-08-00362-f003){ref-type="fig"}B and [Figure 3](#antioxidants-08-00362-f003){ref-type="fig"}C).

3.4. Antioxidants of the Extracts {#sec3dot4-antioxidants-08-00362}
---------------------------------

The antioxidants in the extracts obtained from different treatments were identified and quantified by HPLC. Ten antioxidants were identified and quantified, including gallic acid, GC, GCG, EC, EGC, ECG, EGCG, caffeine, ellagic acid, and astragalin ([Table 3](#antioxidants-08-00362-t003){ref-type="table"}). The addition of tannase in green tea extract resulted in a significant increase in gallic acid, EGC, and EC, and a significant reduction in EGCG, ECG, and GCG (*p* \< 0.05). By using the pure standards as the reference, the results revealed that the antioxidant capacities of UST and TAN were mainly attributed to the content of gallic acid, which took the percentage of 28.70% and 26.00% in the TEAC values, respectively. On the other hand, the antioxidant capacities of US and GTE mainly depended on the contents of EGCG, with the percentage of 14.5% and 16.38% in the TEAC values, respectively ([Figure 4](#antioxidants-08-00362-f004){ref-type="fig"}). It confirmed that tannase catalyzes the hydrolysis of ester and depside bonds in gallic acid tannins or hydrolyzable tannins. In addition, the combined treatment of tannase and ultrasound significantly increased the yield of gallic acid in the extracts compared with those only treated with tannase (*p* \< 0.05). It indicated that the simultaneous treatment of tannase and ultrasound not only accelerated the release of phenolic compounds from green tea extracts, but also increased the rate of enzymatic reaction on biotransformation, resulting in the improved antioxidant activity of green tea extracts. Furthermore, other compounds like caffeine, ellagic acid, and astragalin were changed slightly with the use of ultrasound or tannase.

4. Conclusions {#sec4-antioxidants-08-00362}
==============

The effects of tannase and ultrasound treatment have been studied on the bioactive compounds and antioxidant activity of green tea extract. The optimal conditions were 0.1 M citrate--phosphate buffer at pH value of 4.62, ultrasonic temperature of 44.12 °C, ultrasonic time of 12.17 min, tannase concentration of 1 mg/mL, and ultrasonic power of 360 W. The tannase enzymatic reaction led to bioconversion of bioactive components in green tea extracts, and resulted in the increase of the antioxidant activity. The ultrasound exerted positive effects on the tannase enzymatic reaction, and the combined treatment of tannase and ultrasound markedly increased the antioxidant activity of the green tea extract. Furthermore, the ten antioxidants in the extracts have been identified and quantified by an HPLC method. The results showed an increase in gallic acid, EC, and EGC, and a decrease in EGCG, ECG, and GCG after the treatment. Since the consumption of EGCG has been reported to have potential toxicity in liver, the reduction of EGCG content via the tannase and ultrasound treatment might improve the human benefits of green tea extracts. The simultaneous ultrasound and tannase treatment could be a potent tool in the food industry with low cost, high efficiency, and shortened processing steps. It also could promote the production of natural antioxidants which may be used as nutritional supplements or food additives in the food industry. In the future, the in vivo antioxidant activities of these extracts should be evaluated in order to compare the effects of different treatments on the in vivo and in vitro antioxidant activites. In addition, more tea samples could be tested to verify the effectivity of these methods, such as white, yellow, oolong, black, and dark teas.
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![The effects of single factors on the Trolox equivalent antioxidant capacity (TEAC) values. (**A**) the pH value of buffer solution; (**B**) tannase concentration; (**C**) ultrasonic temperature and (**D**) ultrasonic time. DW: dry weight. \* Data between groups were significantly different (*p* \< 0.05).](antioxidants-08-00362-g001){#antioxidants-08-00362-f001}

###### 

Graphical analysis of interactive effects on TEAC values. (**A**) the pH value of buffer solution and ultrasonic temperature; (**B**) the pH value of buffer solution and ultrasonic time; (**C**) ultrasonic temperature and time.
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![The comparison of antioxidant capacities of the extracts with different treatments. \* Data between groups were significantly different (*p* \< 0.05).](antioxidants-08-00362-g003){#antioxidants-08-00362-f003}

![The percentage of gallic acid (GA) and epigallocatechin gallate (EGCG) contributing to the TEAC values of extracts for different treatments.](antioxidants-08-00362-g004){#antioxidants-08-00362-f004}
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###### 

Central composite design and result of response surface method analysis.

  Run   pH (X~1~)      Temperature (X~2~, °C)   Time (X~3~, min)   TEAC Value (Y, μmol Trolox/g DW)   
  ----- -------------- ------------------------ ------------------ ---------------------------------- ---------
  1     6 (1)          35 (−1)                  5 (−1)             1798.00                            1809.36
  2     5 (0)          45 (0)                   10 (0)             2001.15                            2036.55
  3     5 (0)          45 (0)                   18.41 (1.68)       1993.44                            1985.88
  4     6 (1)          35 (−1)                  15 (1)             1930.55                            1913.58
  5     4 (−1)         35 (−1)                  5 (−1)             1871.32                            1874.33
  6     5 (0)          45 (0)                   10 (0)             2028.64                            2036.55
  7     5 (0)          45 (0)                   10 (0)             2056.13                            2036.55
  8     4 (−1)         55 (1)                   5 (−1)             1895.76                            1938.43
  9     3.32 (−1.68)   45 (0)                   10 (0)             1969.07                            1937.75
  10    4 (−1)         35 (−1)                  15 (1)             1953.80                            1967.27
  11    5 (0)          45 (0)                   10 (0)             2057.66                            2036.55
  12    5 (0)          28.18 (−1.68)            10 (0)             1898.81                            1904.75
  13    5 (0)          61.82 (1.68)             10 (0)             1912.56                            1870.27
  14    4 (−1)         55 (1)                   15 (1)             1943.11                            1957.46
  15    5 (0)          45 (0)                   10 (0)             2019.47                            2036.55
  16    5 (0)          45 (0)                   1.59 (−1.68)       1911.03                            1882.23
  17    6 (1)          55 (1)                   5 (−1)             1765.93                            1778.17
  18    6.68 (1.68)    45 (0)                   10 (0)             1762.88                            1757.84
  19    5 (0)          45 (0)                   10 (0)             2050.02                            2036.55
  20    6 (1)          55 (1)                   15 (1)             1785.79                            1808.48
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###### 

Analysis of variance (ANOVA) of the fitted polynomial quadratic model.

  Source             Sum of Squares   Df   Mean Square   F Value   P-Value     Significant
  ------------------ ---------------- ---- ------------- --------- ----------- -----------------
  Model              165,385.81       9    18,376.20     19.08     \< 0.0001   Significant
  X~1~-pH            39,072.88        1    39,072.88     40.56     \< 0.0001   
  X~2~-Temperautre   1434.63          1    1434.63       1.49      0.2503      
  X~3~-Time          12,967.00        1    12,967.00     13.46     0.0043      
  X~1~ X~2~          4540.31          1    4540.31       4.71      0.0551      
  X~1~ X~3~          63.69            1    63.69         0.066     0.8023      
  X~2~ X~3~          2731.27          1    2731.27       2.84      0.1231      
  X~1~^2^            64,181.85        1    64,181.85     66.62     \< 0.0001   
  X~2~^2^            40,016.60        1    40,016.60     41.54     \< 0.0001   
  X~3~^2^            18,924.01        1    18,924.01     19.64     0.0013      
  Residual           9633.42          10   963.34                              
  Lack of Fit        7021.77          5    1404.35       2.69      0.1508      not significant
  Pure Error         2611.66          5    522.33                              
  Cor Total          175,019.24       19                                       

*R*^2^ = 0.9450, Adj *R*^2^ = 0.8954, CV% = 1.61.
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###### 

The contents of antioxidants in green tea extracts with different treatments (mg/g DW).

  Antioxidants               UST                  TAN                US                  GTE
  -------------------------- -------------------- ------------------ ------------------- -------------------
  Gallic acid                31.83 ± 0.74 ^a^     27.82 ± 0.47 ^b^   2.16 ± 0.05 ^c^     1.97 ± 0.03 ^c^
  Gallocatechin              0.32 ±0.09           0.32 ± 0.02        0.21 ± 0.07         0.21 ± 0.01
  Epicatechin                1.96 ± 0.31 ^a^      2.12 ± 0.17 ^a^    0.70 ± 0.06 ^b^     0.71 ± 0.02 ^b^
  Epigallocatechin           2.02 ± 0.73 ^a^      2.07 ± 0.22 ^a^    0.29 ± 0.02 ^b^     0.30 ± 0.01 ^b^
  Epigallocatechin gallate   0.16 ± 0.06 ^c^      0.16 ± 0.10 ^c^    11.55 ± 0.14 ^b^    12.18 ± 0.20 ^a^
  Epicatechin gallate        0.16 ± 0.02 ^b^      0.19 ± 0.04 ^b^    6.33 ± 0.46 ^a^     6.03 ± 0.60 ^a^
  Gallocatechin gallate      0.17 ± 0.11 ^b^      0.17 ± 0.08 ^b^    0.71 ± 0.02 ^a^     0.58 ± 0.09 ^a^
  Caffeine                   17.00 ± 0.63 ^a,b^   17.59 ± 0.38 ^a^   16.60 ± 0.17 ^b^    16.39 ± 0.32 ^b^
  Ellagic acid               1.31 ± 0.04          1.32 ± 0.55        1.41 ± 0.09         0.93 ± 0.19
  Astragalin                 0.58 ± 0.02 ^a^      0.45 ± 0.10 ^b^    0.53 ± 0.04 ^a,b^   0.51 ± 0.02 ^a,b^

^a,\ b,\ c^ Data between groups were significantly different (*p* \< 0.05).
